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METHOD AND APPARATUS FOR INCREASING THE TEMPERATURE OF A FUEL rPi i , WITH POLYMER 
ELECTROLYTE 

5 

Field Of The Invention 

The present invention relates to a method and 
apparatus for increasing the tesqperature and for 
cold start -up of an electrochemical fuel cell using 

10 reactant starvation at an electrode. More 

particularly, the method cosiprises fuel starving at 
least a portion of the anode of an operational fuel 
cell or oxidant starving at least a portion of the 
cathode of an operational fuel cell or both to 

15 increase the tempera tture , The method may be used, 
for example, during start-up or during operation of 
the fuel cell ^en the tenqperature of the fuel cell 
is below the preferred operating temperature range* 
Thus, the method and apparatus may be used to heat 

20 the fuel cell soxd to prevent poisoning of electrode 

catalysts while allowing for some generation of 
power by the fuel cell during start-up. 

Background Of The Invention 

25 Electrochemical fuel cells convert reactants, 

namely fuel and oxidant fluid streams, to produce 
electric power and reactiox^ products. Solid polymer 
electrochemical fuel cells generally «qploy a 
membrane electrode assenibly ("'HEA") cosqprising a 

30 solid polymer electrolyte or ion-exchange membrane 

disposed between two porous electrically conductive 
electrode layers. The anode and cathode each 
cosqprise electrocatalyst, which is typically 
disposed at the membrane/electrode layer interface, 

35 to induce the desired electrochemical reaction. 

At the anode, the fuel moves through the porous 
anode layer and is oxidized at the electrocatalyst 
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At the anode, the fuel moves through the porous 
anode layer and is oxidized at the electrocatalyst 
to produce protons and electrons. The protons 
migrate through the ion exchange membrane towards 
5 the cathode. On the other side of the membrane, the 

oxidant moves through the porous cathode and reacts 
with the protons at the cathode electrocatalyst. 
The electrons travel from the anode to the cathode 
through an external circuit, producing an electrical 
10 c\irrent. 

Electrochemical fuel cells can operate using 
various reactants. For example, the fuel stream mky 
be substantially pure hydrogen gas, a gaseous 
hydrogen- containing reformate stream, or methanol in 
15 a direct methanol fuel cell« The oxidant may be 

substantially pure oxygen or a dilute stream such as 
air containing oxygen. 

In some applications, fuel cell systems may 
operate almost continuously ( e.g. , certain 
20 stationary power applications) • However, in other 

applications, fuel cell systems xnay be subjected to 
freqpient start and stop cycles and to prolonged 
storage periods in between f e.g. m portable or 
traction power applications) . Further, in colder 
25 climates, such fuel cell systems may frequently be 

subjected to tesrperatures below freezing. Such 
systems therefore must tolerate exposure to sub-zero 
temperatures without degradation. Additionally, the 
power output capability from fuel cells is typically 
30 very limited at temperatures well below the normal 

operating ten^erature. Thus, it is also desirable 
to be able to start up such systezas and bring them 
up to normal operating te2x^>erature in a timely, 
energy efficient manner, and to maintain the 
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teii?>erature within a desirable range diiring 
operation • 

A conventional approach £or starting up a fuel 
cell is to employ an external power source ( e>a. , 
5 storage battery) or a heater to heat the fuel cell 
up to a temperature at which fuel cell operation is 
CQSnaeaced. However, this requires additional 
equipment just for start-up purposes and generally 
requires a net input of energy durdlng start-up. 

10 Problems encoxmtered below freezing may simply be 

avoided by not allowing the fuel cell tenperature to 
go that low. Xn many applications however, this is 
not practical. Another approach for low 
tempera ttire start-up involves operating the fuel 

15 cell during start-up and using some of the power and 

heat generated within to bring the fuel cell up to 
normal operating temperature. For instemce, U.S. 
Patent Ho. 5,798,166 discloses a method for starting 
up a solid polymer fuel cell stack involving 

20 supplying power from the stack to an external load, 

and then increasing the power drawn and, optionally, 
the flow rate of the reactant streams while the 
stack warms up. Another s^tarting method is 
disclosed in Japanese Patent Publication (Kokai) No J 

25 07-302607, in which the contact resistance between 

components in the maixTi body of a fuel cell is 
increased by reducing the pressure applied to the 
main body of the fuel cell. Internal energy losses 
are increased and thus the fuel cell temperature can 

30 be increased without using an external power source 

or heater. 

A further complication during start-up of fuel 
cell systems relates to the possible presence of 
impurities in the r actant streams, parti ctxlarly the 
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fuel stream. The £uel stream may contain iaiptirities 
known as electrocatalyst "poisons" which may adsorb 
or deposit on the anode electrocatalyst and inhibit 
the desired electrochemical reaction on the anode. 
5 The presence o£ poisons on the electrocatalyst thus 
results in reduced fuel cell performance. In the 
absence of countermeasures , the adsorption or 
deposition of electrocatalyst poisons may be 
cumulative, so even minute concentrations of poisons 

10 in a fuel stream, may for instance, over time, 

result in a degree of electrocatalyst poisoning 
which is detrimental to fuel cell per f ormsuice . 
Further, the poisons may adsorb or bind more 
strongly at lower temperatures thereby aggravating 

15 the adverse effect on performance at lower 

temperature . 

Reformate streams derived from hydrocarbons or 
oxygenated hydrocarbons typically contain a high 
concentration o£ hydrogen fuel, but typically also 

20 contain electrocatalyst poisons such as carbon 

monoxide. To reduce the effects of anode 
electrocatalyst poisoning, it is known to pre-treat 
the fuel supply stream prior to directing it to the 
fuel cell. For example, pre- treatment methods may 

25 employ catalytic or other methods to convert carbon 

monoxide to carbon dioxide. However, known pre- 
treatment methods for reformate streams cazmot 
efficiently remove 100% of the carbon monoxide. 
Even trace amoxmts less than 10 ppm can eventually 

30 result in electrocatalyst poisoning, particularly at 

low tezzqperatures . Further, during start-up of a 
reformate -supplied fuel cell system, the reformer 
and other related apparatus for pre- treatment must 
themselves also be started up and brought up to a 
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desirable normal operating temperature. Typically, 
during start-up, the reformer and pre-treatment 
apparatus are not as effective in providing fuel 
with a low level of ii&purity. Thus, the level of 
5 poisons in the reformate is typically higher during 

start-up than it is at normal operating temperature. 

It may be possible to remove electrocatalyst 
poisons by purging the affected electrode with an 

10 inert gas such as nitrogen or with a clean" 

reactant stream containing substantially no poisons. 
VHiere the adsorption of the poison is reversible, an 
equilibrium process results in some rejuvenation of 
the electrocatalyst. However, this approach is not 

15 as effective against strongly bound adsorbed poisons 

and can be very slow. Due to the additional 
difficulties posed by electrocatalyst poisons during 
system start-up, often reformate is not supplied to 
a fuel cell system tmtil both the reformer and fuel 

20 cell systems are close to the preferred normal 

operating teznperature . 

Summary Of T!he Invention ^ 

An ixnproved method of heating a solid polymer 

25 electrolyte fuel cell employs reactant starvation 

over at least a portion of at least one of the fuel 
cell electrodes, thereby increasing the overvoltage 
at that portion. Additional heat generation takes 
place as a result of the starvation. The method is 

30 particularly useful for starting p\xrposes in that it 

provides for faster start-up. The method allows for 
the provision of some electrical power output from 
the fuel cell during the starting period. The 
methbd is useful for heating or starting up fuel 
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cells supplied with reactant streams that are 
essentially free of electrocatalyst poisons ( e^g. , a 
fuel reactant stream of pure hydrogen) • However, 
the reactant starvation method can also serve to 
5 remove electrocatalyst poisons that are introduced 

in a reactant stream. Thus, the method is 
particTxlaxly useful for starting up fuel cells 
supplied with a reactant stream coisprising an 
electrocatalyst poison. 
10 For starting purposes, the method involves 

starting the fuel cell from a startling temperature 
below its norzaal operating teroperature aind the 
temperature of the fuel cell rises to the normal 
operating temperature over a starting period. The 
15 method coxz^rises supplying an oscidant reactant 

stream to the cathode electrode of the fuel cell, 
supplying a fuel reactant stream to the anode 
electrode of the fuel cell, and reactant starving at 
least a portion of one of the electrodes during the 
20 starting period, thereby increasing the overvoltage 

of the portion of one of the electrodes and 
g en e r ating additional heat. The. reactant starvation 
may be stopped before the normal operating 
temperattire is reached once the fuel cell 
25 temperature has reached a predetermined threshold 

temperature. 

For temperature regulation purposes generally 
during operation, the method involves operating the 
fuel cell while supplying an oxidant reactant stream 
30 to the cathode electrode of the fuel cell and a fuel 

reactant stream to the anode electrode of the fuel 
cell method. A temperature parameter is monitored 
that is indicative of the operating tes^erature of 
the fuel cell. When the temperature parameter is 
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below a predetermined threshold value, at least a 
portion of one of said electrodes is starved of 
reactant thereby increasing the overvoltage of the 
portion of one of the electrodes and generating 
5 additional heat. The method may be used to effect a 

faster temperature correction when the fuel cell 
temperattire falls below the threshold value during 
operation. 

Reactant starvation involves a reduction in the 

10 reactant stoichiometry. As used herein, 

stoichiometry is defined as the ratio, at any given 
instant, of the rate at which reactant is supplied 
to the fuel cell divided by the rate at which the 
reactant is consimed in the electrochemical 

15 reactions in the fuel cell. A reactant starvation 

condition exists whenever the reactant stoichiometry 
is less than 1, that is whenever less reactant is 
being sizpplied to the fuel cell than is being 
consumed within the fuel cell at any given instamt. 

20 Such a situation is temporary since the fuel cell 

cannot constme reactant faster than it is supplied 
indefinitely. If the rate at which reactant is 
supplied remains constant during a starvation, the 
rate at which reactant is consumed will fall until - 

25 it eventually matches the rate supplied, i.e. » the 

stoichiometry eventually increases to 1. 

Reactant starvation may be accos^lished by 
interrupting the supply of one of the reactant 
streams to the fuel cell electrodes, thereby 

30 reducing the rate at which reactauat is supplied and 

hence the stoichiometry. A single, optionally 
prolonged, interruption may be employed or an 
intermittent series of interruptions may be 
employed. Intermittent interruptions may be regular 
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or irregular. Alternatively, reactant starvation 
may be accoxnplished by cozmecting a trans iezxt 
electrical load to draw electrical power from the 
£uel cell. Again, the transient electrical load may 
5 be connected once or intermittently. To effect a 
starvation via this method, the rates of supply of 
the reactants to the fuel cell electrodes are not 
increased to match the increased electrical dexnand 
over conventional levels in response to the 

10 cozmection of the transient load. Thus, this method 

increases the rate at which reactant is consumed and 
hence decreases the stoichiometry . 

Apparatus suitable for heating or starting a 
solid polymer electrolyte fuel cell cosqprises an 

15 oxidant supply system for directing an oxidant 

reactant stream to a cathode electrode of the fuel 
cell, a fuel supply system for directing a fuel 
reactant stream to an anode electrode of the fuel 
cell, a te]q>erature sensor for detecting the 

20 tenperature of the fuel cell, and a control system 

for starving at least one of the electrodes 
responsive to the output from the temperature 
sensor. The control system may comprise apparatus 
for intermittently interrupting the supply of one of 

25 the reactant streams to the fuel cell electrodes, or 

alternatively it may coiz^rise apparatus for 
connecting a transient electrical load to draw 
electrical power from the fuel cell. Other 
apparatus for achieving reactant starvation is 

30 disclosed in the aforementioned U.S. Patent 

Applications Serial No. 08/998,133 filed December 
23, 1997 entitled "Method and Apparatus for 
Operating an Electrochemical Fuel Cell With Periodic 
Fuel Starvation At The Anode" and U.S. Patent 


WO01/Q321S 


PCr/CA00/007S6 


9 - 


Application Serial No. 09/344^763, filed June 25, 
1993, entitled "Method and Appazratus for Operating 
an Elect rocheinical Fuel Cell With Periodic Reactant 
Starvation** . 

5 An is^roved start-up may be obtained by 

starving at least a portion of either or both 
electrodes. Where electrocatalyst poisoning is also 
an issue, hoti^ever, it is preferable to at least 
reactant starve the poisoned electrode ( e.g, . to 
10 starve the anode of a solid polymer fuel cell when 

supplied with a carbon monoxide containing reformate 
stream) • 

Wxere the fuel cell is one of a plurality of 
fuel cells, for example, arranged in a fuel cell 

15 stack, the method may preferably avoid the 

simultaneous starvation of each electrode of the 
plurality of fuel cells. This reduces the 
fluctuation in electrical power output from the 
stack. In fuel cell stacks, it is generally 

20 preferred to avoid voltage reversal in any of the 

cells. Nonetheless, it appears that a fuel cell may 
degrade less quickly as a result of a voltage 
reversal condition when it is at tea^eratures well 
below the normal operating temperature. Thus, the ' 

25 reactant starving method may cause a voltage 

reversal to occur in at least one, but preferably 
not simultaneously in all, of the plurality of fuel 
cells. Preferably, however, starvation is limited 
so that the voltage reversal is not prolonged. 

30 The method is s\ii table for starting up a solid 

polymer electrolyte fuel cell and is particularly 
advantageous for starting up such cells from 
ten^eratures below the freezing point of water or 
0°C. In solid polymer fuel cell systems supplied 
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with a reformate fuel stream, tlie method providas 
for a shorter starting period while also reducing 
the effect of carbon monoxide, methanol, or other 
impurities on the anode electrocatalyst . The amount 
5 of water produced during staxvation is also reduced, 

which may be advantageous in preventing blockages 
due to ice formation at temperatures below O'^C. 

Brief Descriptlan Of The DraOTTicys 
10 The advantages, natiire and additional features 

of the invention will became more apparent from the 
following description, together with the 
accompanying drawings, in which: 

FIG. 1 is an exploded perspective view of a 
15 conventional,, prior art fuel cell stack; 

FX6. 2 is a plot of voltage and tes^erature as 
a function of time in a fuel cell started up from 

using refonsate as fuel and intermittent 
connection of an additional electrical load to 
20 effect starvation; 

FIGs. 3A and 3B are plots of representative 
cell voltages, current densities, and temperatures 
as a fimction of time in fuel cells in 7 -cell stacks 
. started up from *10**C using reforinate as fuel and 
25 (in plot A} an intermittent oxidant starvation 

method and (in plot B) no starvation method, 
respectively; 

FXGs. 4A, 4B and 4C are plots of representative 
cell voltages, cxirrent densities, and temperatures 
30 as a function of time in fuel cells in 7 -cell stacks 

started up from -15"C using (in plot A) pure 
hydrogen as fuel and no starvation method, {in plot 
B) pure hydrogen as fuel and a prolonged connection 
of an additional electrical load to effect 
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starvation, and (in plot C) reformate as fuel and a 
prolonged connection of an additional electrical 
load to effect starvation. 

FIG, 4D is a plot of representative cell 
5 voltage, current density, fuel stoiclxiometry and 

oxidant stoichiometry as a function of time in fuel 
cells in a 7 -cell stack started up from -15 •C using 
refonoate as fuel and a prolonged connection of an 
additional electrical load to effect starvation. 

10 

Detailed Description Of The Preferred RmHnrf^-iTOtfw^'a 

A method for increasing the temperature of an 
electrochemical fuel cell uses reactcmt starvation 
techniques at an electrode. In the context of this 

15 disclosure, fuel starvation is defined as a 

reduction in fuel supply to the anode 
electrocatalyst which results in the anode potential 
increasing (that is, moving towards the cathode 
potential) . In a like manner, oxidant starvation is 

20 defined as a reduction in oxidant supply to the 

cathode electrocatalyst which results in the cathode 
potential decreasing (that is, moving towards the 
anode potential) • For a fuel cell normally sxxpplied 
with fuel and oxidant reactants at certain flow 

25 rates for operation at a particular given current 

density, react ant starvation can be achieved by 
sufficiently reducing or interrupting a reactant 
flow rate such that the relevant electrode potential 
is affected. In this way, the reactsmt 

30 stoichiometry to the relevant electrode has been 

reduced. Alternatively, reactant starvation can 
also be achieved by increasing the current density 
such that the potential of the relevant electrode, 
or electrodes, is affected. This latter situation 
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is equivalent to using reduced reactant 
stoichioxnetries for normal operation at the 
increased current density* In either case, 
starvation is evidenced by a change in electrode 
5 potential* The change in electrode potential 

represents an increase in the overvoltage of the 
electrode and consequently an increase in the amooint 
of heat generated within the £uel cell at any given 
operating current density. This additional heat 
10 assists in bringing the fuel cell \ip to a preferred 

operating temperature quickly during the starting 
period or if it falls belov the preferred operating 
texnperature during operation • Further, while the 
method slight be used in the absence of 
15 electrocatalyst poisons, starvation techniques are 

useful for the removal of such poisons from the 
reactant starved portions of the electrode. The 
method may also offer advantages by influencing 
water production or consumption and hence zoodify 
20 water management at an electrode. 

A solid polymer electrolyte fuel cell is a 
preferred fuel cell type for portable and traction 
applications. FIG. 1 illustrates, in exploded 
perspective view, a conventional solid polymer fuel 
25 cell stack 10, including a pair of end plate 

assembliies 15, 20 and a plurality of fuel cell 
assemblies 25. Tie rods 30 extend between end plate 
assemblies 15 and 20 to retain and seciire stack 
asseinbly 10 in its assembled state with fastening 
30 nuts 32. Springs 34 threaded on tie rods 30 

interposed between fastening nuts 32 and end plate 
20 apply resilient compressive force to stack 10 in 
the longitudinal direction. Reactstnt and coolant 
fluid streams are supplied to and exhausted from 
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internal manifolds and passages in stack 10 via 
inlet and outlet ports (not shown in FIG. 1) in end 
plate 15. As shown by the exploded portion of FIG. 
1, each fuel cell assembly 25 includes an anode flow 
5 field plate 35, a cathode flow field plate 40, and a 

membrane electrode assembly (H£A) 45 interposed 
between plates 35 and 40. Each HEA cos^rises cm 
anode electrode and a cathode electrode bonded on 
opposite sides of a proton conducting, solid polymer 

10 meiflbrane electrolyte (not shown in FIG. 1) . 

Plates 35 and 40 act as current collectors and 
provide a fluid bairrier for separating reactant 
fluids supplied to the anode and cathode. At the 
interface between HEA 45 and plates 35 and 40, fluid 

15 flow fields 50 direct the reactant fluids to the 

electrodes. Fluid flow field 50 typically comprises 
a plurality of fluid flow channels formed in the 
major s\irfaces of plates 35 and 40 facing HKA 45. 
One purpose of fluid flow field 50 is to 

20 distribute the reactant fluid across the surface of 

the respective electrodes, namely the anode on the 
fuel side and the cathode on the oxidant side. 

A method for increasing the temperature of a 
solid polymer fuel cell stack involves reactant 

25 starving at least a portion o£ a fuel cell electrode 

in the stack. A single starvation may be employed 
or starvation may be intermittent. In the case of 
the latter, starvation conditions may be introduced 
at regular intervals, or the duration and frequency 

30 thereof varied in accordaince with a measured system 

parameter ( e.g. , cell voltages in order to avoid 
voltage reversals) . 

Starvation may be accoioplished by closing or 
adjusting a valve in a reactant supply or exhaust 
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lists to tills fiisl cdl so a.s to srsciiice tli^ 2ra.ts of 
reactant supply to be less tiiian that demanded to 
satisfy the instantaneous load. The stack voltage 
drops as the reactant inside the stack is consmaed 
5 by the electrochemical reaction which is induced to 

supply electrical current to the electrical load. 
The fuel cell electrodes thus become reactazxt 
starved. It is preferable to avoid causing sudden, 
large pressure differentials across the membranes in 

IQ the MEAs. I^iua^ both a reactant inlet and an outlet 

line may be valved off simultaneously in order to 
avoid a sudden increase or decrease in the 
transmembrane pressure differential. Alternatively, 
other methods may be ensployed to reduce a reactant 

15 stoichiometry. For instance, pulses of a 

sxibstantially reactamt-free fluid {e.g*, an inert 
gas) laay be introduced into tha reactant stream 
thereby diluting it and reducing stoichiometry. 
Starvation may al0o bs accoMplished by 

20 connecting a transient load to the fuel cell stack, 

without correspondingly increasing the rate of 
reactant supply to either or both of the electrodes . 
(The reactant supply rates^ depend on the normal 
stoichiometry of each reactant. } The transient load 

25 dexoands more electrical current which can cause one 
or both, reactants in the stack to be cozxsumed more 
rapidly than the reactants are supplied. 

Other apparatus and means for achieving 
reactant starvation conditions are disclosed in the 

30 two aforementioned related TT.S. patent applications. 

Serial No. 08/998,133 filed December 23, 1997 
entitled ''Method and Apparatus for Operating an 
Electrochemical Fuel Cell With Periodic Fuel 
Starvation At The Anode*" and Serial No, 03/344,763, 
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filed June 25, 1999, entitled "Method and Apparatus 
for Operating an Electrochemical Fuel Cell With 
Periodic Reactant Starvation" . 

Several potential problems may be encountered 
5 when attempting to rapidly start up a solid polymer 
fuel cell stack in this manner. For example, 
voltage reversals may occur. Local high temperature 
conditions may exist within the cells due to non* 
uniform current distributions. Also, water related 

10 problems may arise, particularly when starting 

temperatures are below freezing. 

A voltage reversal occurs in a cell when either 
the anode potential increases and becomes more 
positive than the cathode potential or the cathode 

15 potential decreases and becomes more negative than 

the anode potential, resulting in a negative cell 
voltage* In this situation the cell is consuming, 
rather producing, electrical power. Momentary 

instances of slight cell reversal may not damage the 

20 fuel cell, but prolonged cell reversal or large 

negative cell voltages can cause permanent damage. 
In partictLlar, cell reversal caused by fuel 
starvation may result in the anode potential rising 
to the point where significant corrosion of the 

25 anode hardware occurs. It has been found however, 

that at lower tes^aratures, the damage caused by a 
given voltage reversal situation is signif icaintly 
reduced. Nonetheless, it may be preferable to 
introduce starvation conditions intermittently and 

30 to control the duration and frequency of the 

reactant starvations, using a suitable controller, 
to avoid prolonged cell voltage reversal. 

Particularly when high current densities are 
es^loyed during starting, local high temperature 
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conditions or hot spots may exist in the MEAs in the 
cells. Such hot spots may damage the membrane 
electrolyte. As illustrated in the following 
examples however, solid polymer fuel cell stacks may 
5 be effectively shorted for several minutes at low 
starting temperatures without causing significant 
membrane damage, yet providing for a rapid start-up. 

Water management issues can arise with regards 
to storage and start-up, particularly for 
10 tesqperatxires below freezing. A certain amount of 
water is present and is required during the normal 
operation of solid polymer fuel cells. Along with 
electricity, water is produced at the cathode by the 
primary electrochemical reaction of the fuel cell. 
15 Also, an adequate water level must generally be 
maintained at the membrane electrolyte for it to 
provide satisfactory proton conduction. This is 
frequently accoB^>lished by humidifying one or both 
inc omin g reactant streams. Additionally, water is 
20 often required for the proper functioning of the 

anode electrocatalyst. For exaa^le, fuel cells that 
are intended to operate on reformate generally 
employ an anode electrocatalyst that is relatively 
tolerant to carbon monoxide, such as a Pt/Ru alloy.- 
25 The tolerance to carbon monoxide generally 

originates with the ability of the electrocatalyst 
to promote a reaction between adsorbed carbon 
monoxide poison and adsorbed hydroxyl species, 
thereby removing the caxbon monoxide poison. 
30 When the fuel cell is shut down and stored 

below freezing, any water remaining inside will 
freeze, potentially causing physical damage and 
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xindeslrable blockages. Thus, the amount of water 
remaining in the fuel cell is desirably minimized 
before storage. This may be accomplished, for 
example, by purging the reactant flow fields with 
5 dry gas during shutdown. 

During start-up from sub-zero teznperatures, any 
free residual water remaining in the fuel cell is 
typically frozen and not mobile. In addition, at 
such low temperatures, much less water can be 

10 introduced in the vapor phase via humidif ication of 
a reactant stream at low temperatures . Thus, there 
is significantly less water available for membrane 
htnnidif ication and reaction with carbon monoxide at 
an anode electrocatalyst (effectively resulting in 

15 less tolerance to carbon monoxide on certain 

electrocatalysts) . During cold start-up, water 
generated at the cathode may freeze causing 
blockages. Excessive amounts of water introduced in 
a reactamt stream may condense and freeze causing . 

20 blockages in a like manner. Nonetheless, as 

illustrated in the following examples, solid polymer 
fuel cell stacks may be started up quickly on 
reformate from temperatures well below freezing 
where the reactant starvation method includes an 

25 effective shorting for several minutes. 

Preferably during start-up, the fuel cell stack 
coolant (if present) is not circulated to allow 
rapid warming of the stack. As the stack nears its 
normal operating teniperature , interior cells in the 

30 stack may overheat if no coolant flow is provided, 

but starting the flow of coolant can initiate a cell 
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voltage reversal in the cooler outermost cells. 
Thus, care should be taken with the tiiaing and rate 
at which coolwt flow is commenced to avoid voltage 
reversal and/or overheating. 
5 The starting period is finished when the fuel 

cell or stack reaches the lower limit of its normal 
or prefezrred operating temperature range. For a 
solid polymer fuel cell, this is typically of the 
order of 60-120*'C. Suitable means may be used to 
10 detect a cell temperature parameter indicative of 

operating temperature (e.g., thermocouple) and to 
signal the end of the starting period. 


15 

The following examples illustrate certain 
aspects of the described method but should not be 
construed as limiting in any way. 

A series of conventional solid polymer 

20 electrolyte fuel cells and fuel cell stacks (either 
a single cell or a seven cell series stack) were 
constructed and attempts were made to start them up 
from sub zero startdLng temperatures (either -5, -10 
or *15**C) using a variety of starting methods. The 

25 anodes and cathodes in each comprised supported 

platinum/rutheniimi and platinxjoa catalysts applied to 
carbon fiber siibstrates respectively. The membrane 
electrolyte employed in each was Nafion™. 
Compressed air was used as the oxidant supply, 

30 Several different fuel supplies were employed as 

indicated below. The fuels were either pure 
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hydrogen gas, a methanol reformate mixture 
containing about 63.5% H^, 22.5% COj, 13%N3, 1% 
metheuiol and 40 ppm CO, a 64%/3G% hydrogen/carbon 
dioxide gas mixture, or a l%CO/H3 gas mixture. 
5 Each fuel cell or stack was operated briefly 

under ■'nonnal" conditions ( e.q> , at about 80 *C) . 
The cell or stack was then shutdown and allowed to 
cool to room tezsperatxxre . Both reactant flow fields 
were then ptzrged with dry air or nitrogen for about 

10 3 aainutes to remove water from the cell/s. This 

reduces the amount of water that resides in the flow 
fields and that can freeze in pores in the fuel cell 
cos^onents, thus damaging them. The cell , or stack 
was then placed in an enviroznnental chamber and 

15 allowed to cool to the desired starting tempera txire. 

To start up the cells or stacks, reactant gas 
flows were initiated that provide reactant 
stoichiometries (stoichiometry being defined as the 
ratio of reactant supplied to that consumed in the 

20 electricity generating reactions in the fuel cell) 

of approximately 3 at current densities of 0.5 A/cm^ 
at normal operating temperature. The gas flows were 
not humidified at cell or stack tesrperatures below 
zero. Once above O^'C, the gas supplies were 

25 humidified. The cell or stack was then started up 

using different techniques while monitoring an 
interior tes^erature of the cell or stack along with 
the current density and the voltage of each cell. 
For start-up generally, the initial load was 

30 selected in a conventional attesxpt to maxdLmize the 

initial output power from the cell or stack. In the 
following examples, typically this resulted in an 
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initial voltage per cell of about 0 •3-0.4 V under 
load. As the output power capability of the cell 
increased with time, the load was increased* In 
some cases (e.g., when using reformats), the cell 
5 voltage decreased with time as a result of poisoning 

in which case the load was reduced. The time taken 
to actually reach the 0.5 A/cm^ operating current 
density was determined. The table below summarizes 
the tests performed and the time taken to reach the 

10 0,5 A/cm* level. 

In the following, reactant starvation via 
shorting was performed by connecting a low 
resistance relay across the fuel cell terminals 
thereby effectively shorting the cell to zero volts. 

15 (The relay was rated to handle 400A at 600V and 

actually drew approximately 190 A from the 7-cell 
stacks at -15**C} . In some instances, a cell was 
shorted intermittently for one second on/one second 
off intervals using a timer and relay. Intermittent 

20 shorting continued until the cell ten^erature was 

about 20**C. In other instances at -5*C, a stack was 
shorted once during start-up, continously, for a 
prolonged period of order ^f a few minutes long. 

Also in the following, oxidant starvation was * 

25 accomplished by intermittently interrupting the 
oxidant . flow by simultaneously closing both the 
oxidant inlet and outlet lines using two solenoid 
valves. The duration of the oxidant flow 
interruptions was adjusted from about 10 to 60 

30 seconds to try and see if higher cell voltages could 

be obtained. 
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Cell 
or 
stack 

cells 
in 
stack 

Starting 
tempeiamre 
(°C) 

Fuel type 

Starvation 
method iised 

Approx. lime 
to 0.5 A/cmr 
(min) 

A 

1 

-5 

Hi 

none 

5 

B 

1 

-5 

refonnate 

intermittent 
additional 
electrical load 

5 

C 

1 

-10 

H2 

none 

120 

D 

1 

-10 

H,/COj 

none 

210 

E 

7 

-10 

refonnate 

none 

did not 
reach, max. 
-0.2 A/cm^ 

F 

7 

-10 

reformate 

oxidant 
intemiption 

did not 
reach, max. 
" -0.3 A/cm^ 

G 

7 

-15 

H, 

none 

24 

H 

7 

-15 


prolonged 

additional 
electrical load 

9 

I 

7 

-15 

reformate 

prolonged 
additional 
electrical load 

11 

J 

7 

-15 

reformate 

prolonged 
additional 
elecorical load 

10 


Start--up could be acconqplished when using pure 
hydrogen as the fuel and no starvation methods at 
tesiperatures down to -IS^'C. However, while the time 
taken for a single cell (A) to reach a current 
5 density of 0.5 A/cm^ from -5"C was reasonable, the 

time taken for a single cell (C) from -10 was very 
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long. However^ this time was significantly reduced 
for a seven cell stack, as exemplified by stack G, 
presumably because individual cells in the stack 
insulate each other, resulting in a larger 
5 temperature rise for a given heat output per cell. 

In other words, cell stacks tend to warm up more 
easily than single cells. 

Using intermittent reactant starvation via 
shorting during the start-up period^ cell B also 
10 reached a current density of 0.5 A/cm^ from -5*C in a 
reasonable length of time. FXG. 2 shows the voltage 
and texnperature versus time for fuel cell B. In 
FIG. 2 only, the flow of coolant through the fuel 
cell began once the monitored tempera tiire in the 
15 fuel cell reached 80 ''C. The starting temperature of 

the coolant was also -S'^C and the fuel cell was its 
only source of heat. Thus, introducing this 
relatively cold coolant precipitated the marked drop 
in interior temperature as seen in FIG. 2. 
20 The problem with using reformate in these 

embodiments is illustrated by the results for cells 
C and D and stack E. Although it took about 2 
hours, cell C eventually reached a current density 
of 0.5 A/cm^ from -10*C. Stack on the other hand, 
25 was run for about 35 minutes and only achieved a 

mayj mum current density of 0.2 A/cm'. (As indicated 
in the preceding, stack E would be expected to warm 
up more easily than a single cell under similar 
conditions.) The presence of carbon dioxide 
30 impurity in the fuel stream was detrimental, as 

illustrated by cell D, but it did eventually reach a 
current density of 0.5 A/ cm' from -10**C. The severe 
effect that carbon monoxide has on performance at 
low temperature was demonstrated in another single 
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cell supplied with an increased concentratiozx of CO, 
a 1%C0/H3 gas mixtuire (data not included in the table 
above) • Starting up from -5*C with no applied load 
(i.e., open circuit) # an indication of a voltage 
5 appeared about S5 seconds after the reactant gas 

flows began. About 10 seconds later however, a 
positive voltage could not be detected for this cell 
using a standard voltmeter. 

Stack which was subjected to intermittent 

10 oxidant starvations during start-up, showed an 

is^rovement over stack E in that a higher maximiua 
current density was reached during the starting 
period of 35 minutes* However, neither stack 
reached a current density of 0.5 A/cm^, presumably as 

15 a result of severe anode poisoning. FIGs. 3A and 3B 

are plots of representative cell voltages,, current 
densities and temperatures as a function of time for 
fuel cells F and E, respectively. 

The prolonged connection of ain additional 

20 electrical load significantly reduced the time taken 

for a 7 -cell stack supplied with pure hydrogen fuel 
to reach, a current density of 0.5 A/cm^ from -15 °C 
(coo^are stack H to stack G) • Similar reduced times 
were also observed on' stacks supplied with CO- 

25 containing reformate fuel (stacks I and J) when this 

method was used during the start-up period. Thus, 
this method not only reduces the start-up period, 
but also reduces the adverse effects of carbon 
monoxide poisoning. FIGs. 4A, 4B and 4C are plots 

30 of representative cell voltages, current densities, 

and tesoperatures as a function of time for fuel cell 
stacks 6, H, and I respectively. 

FIG. 4D is a plot of representative cell 
voltage, current density, fuel stoichiometry, and 
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oxidant stoichiometry as a function o£ time for fuel 
cell stack J. (In FIG. 4D, the fuel and oxidant 
stoichiometry data were determined by logging 
reactant flow rates and output current over time 
5 using a data acquisition unit* The amount of 

reactant consumed per unit time was then calculated 
based on one mole of hydrogen fuel and half a mole 
of oxygen oxidant being consumed for every two 
electrons generated. During the shorting period 

10 ^ere the additional electrical load was applied, 
the reactant flow rates were also logged but the 
larger output current was not logged continuously. 
Instead, a constant output current value was assumed 
based on a single point determination of the ctirrent 

15 measured from a similar cell operating \2nder similar 

conditions. While it is not expected that the 
output current was actually constant during this 
period/ it is e3q>ected that this output current was 
obtained for at least some length of time during the 

20 shorting period. } As shown in FIG. 4D, both the 

fuel and air stoichiometries were much less than 1 
during the first minute of shorting. The air supply 
flow rate was then increased, thereby increasing the 
air stoichiometry. After 4 minutes, a substantial 

25 voltage reversal occurred in one of the cells in the 
stack (approximately -2 V) and the flow rates of 
both the air and fuel were increased in order to 
alleviate the reversal. Shortly thereafter the 
shorting was stopped. 

30 To find out if use of such reactant starvation 

methods damaged the fuel cell membranes in the 
preceding tests, the leak rate of test gas through 
the membranes was determined both before and after 
use of the starvation methods. The leak rate before 
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was very small and no significant change in the leak 
rate was observed after starvation. Polarization 
tests (i.e., cell voltage at a current density of 
interest) were also performed on the fuel cells and 
5 stacks both before and after use of the starvation 

methods « The polarization characteristics after use 
of the starvation methods on start-up were similar 
to those before start-up. 

While particular elwents, embodiments and 

10 applications of the present invention have been 

shown and described, it will be understood, of 
course, that the invention is not limited thereto 
since modifications may be made by those skilled in 
the art, particularly in light of the foregoing 

15 teachings. It is therefore contemplated by the 

appended claims to cover such modifications which 
incorporate those features coming within the spirit 
and scope of the invention* 
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What is claimed is: 

1. A method o£ starting a solid polymer 
electrolyte fuel cell £rom a starting tesperature 

5 below the normal operating texsperature of said fuel 
cell, the tesqperature of said fuel cell rising to 
said normal operating tesiperature over a starting 
period, said method comprising: 

supplying an oxidant reactant stream to 
10 the cathode electrode of said fuel cell; 

supplying a fuel reactant stream to the 
anode electrode of said fuel cell; and 

reactamt starving at least a portion of 
one of said electrodes during said starting 
15 period. 

2. The method of claim 1 wherein said 
reactant starving is stopped when said fuel cell 
tea^erature reaches a predetermined threshold value. 

20 

3. The method of claim 1 wherein said 
reac taint starving is intermittent. 

4. The method of cTaim 1 wherein said method. 
25 comprises interrupting the supply of one of said 

reactant streams to said respective fuel cell 
electrode. 

5. The method of claim 4 wherein said method 
30 comprises intermittently interrupting the supply of 

one of said reactauit strecuos to said fuel cell 
electrodes. 
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6. The method of claim 4 wherein said one of 
said reactauit streams is said fuel reactant stream. 

7. The method of claim 4 wherein said one of 
5 said reactant streams is said oxidant reactant 

stream. 

8. The method of claim 4 wherein said fuel 
cell is one of a plurality of fuel cells arranged in 

10 a fuel cell stack. 

S« The method of claim 8 wherein said supply 
of one of said reactant streams to each of said 
plurality of fuel cells is not simultaneously 
IS interrupted. 

10. The method of claim 1 wherein said method 
cos^rises connecting a transient electrical load to 
draw electrical power from said fuel cell. 


20 


25 


30 


11. The method of claim 10 wherein said method 
conqprises intermittently coxmecting a trsmsient 
electrical load to draw electrical power from said 
fuel cell. 

12. The method of claim 10 wherein the rates 
of supply of said reactants to said fuel cell 
electrodes are not increased in response to the 
connection of said transient load. 

13. The method of claim 10 wherein said fuel 
cell is one of a plurality of fuel cells arranged in 
a fuel cell stack, amd the cozmection of said 
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transient load to draw power from each one of said 
plurality of fuel cells is not simultaneous. 

14* The method of claim 1 wherein said 
starting temperatxire is less than 0''C. 

15. The method of claim 1 additionally 
con5>rising outputting electrical power from said 
fuel cell during said starting period. 


16. The method of claim 1 wherein one of said 
reactant streouns comprises an electrocatalyst poison 
and said raactsmt starving additionally reduces 
poisoning of the electrocatalyst in said fuel cell 

15 electrodes by said electrocatialyst poison. 

17. The method of claim 1 wherein said 
reactant streams are essentially free of 
electrocatalyst poisons. 

20 

18. The method of claim 17 wherein said fuel 
reactant stream is substantially pure hydrogen. 

19. The method of claim 4 wherein said fuel 

25 cell is one of a plurality of fuel cells arranged in 

a fuel cell stack and said reactant starving causes 
a voltage reversal to occur in at least one of said 
plurality of fuel cells. 

30 20. The method of claim 10 wherein said fuel 

cell is one of a plurality of fuel cells arranged in 
a fuel cell stack and said reactant starving causes 
a voltage reversal to occur in at least one of said 
plurality of fuel cells. 
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21. A method o£ operating a solid polymer 
electrolyte fuel cell comprising: 

supplying an oxidant reactant stream to 
the cathode electrode of said fuel cell; 
5 supplying a fuel reactant stream to the 

anode electrode of said fuel cell; 

monitoring a texnperature parameter 
indicative of the operating temperatiire of said 
fuel cell; and 

10 when said temperature parameter is below a 

predetermined threshold value, reactant 
starving at least a portion of one of said 
electrodes. 

15 22. A solid polymer electrolyte fuel cell 

apparatus comprising; 

an oxidant supply system for directing an 
oxidant reactant stream to a cathode electrode 
of said fuel cell; 
20 a fuel supply system for directing a fuel 

reactaucit stream to an anode electrode of said 
fuel cell; 

a temperature sensor for detecting the 
temperature of said fuel cell; and 
25 a control system for reactamt starving at 

least one of said electrodes responsive to the . 
output from said temperature sensor « 

23 . The fuel cell apparatus of claim 22 
30 wherein said control system comprises apparatus for 

intermittently interrupting the supply of one of 
said reactamt streams to said fuel cell electrodes. 
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24. The fuel cell p.ppe.rntus of clain 22 
wherein said control system comprises apparatus for 
connecting a transient electrical load to draw 
electrical power from said fuel cell. 
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